Myelin sheaths, multilayered stacked membranes, act as an electrical insulator surrounding the neuron's axon ([@r1][@r2][@r3]--[@r4]). Their structure is crucial for fast and efficient conduction of nerve impulses ([@r5][@r6][@r7]--[@r8]). Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease resulting in myelin destruction and neural dysfunction ([@r5], [@r9][@r10][@r11][@r12]--[@r13]). Together with its animal model ([@r14]), experimental autoimmune encephalomyelitis (EAE), MS is characterized by the appearance of lesions, reflecting loss of membrane adhesion, swelling across the water gaps, vacuolization, vesiculation, and eventual disintegration of the myelin structure ([@r15]). MS is also manifested by a wide range of clinical symptoms and varying disease courses among patients ([@r11]). The etiology of MS is still unknown, and currently there is no cure for the disease ([@r2], [@r13]).

Recent in vitro and in vivo experiments ([@r16]) addressed the structural consequences of lipid stoichiometry modifications ([@r11], [@r17][@r18][@r19][@r20]--[@r21]) in normal (i.e., native) and diseased (i.e., modified) states ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). In physiological buffer environment, native lipid composition results in multilamellar structures (L~α~), suitable for myelin function, while modified composition is structurally different with coexisting L~α~ and 2D inverted hexagonal phase (H~II~) ([@r16]). This phase transition was further discussed in the context of a possible trigger for the outbreak of the MS disease. In the process of transitioning to H~II~, the membrane undulates with large local curvature. Such undulations induce spontaneous pores, resulting in a vulnerability of the membrane to an attack by the immune system.

Environmental conditions are highly regulated in vivo. Nevertheless, the membrane's proximity to a structural phase transition boundary makes it susceptible to minor local environmental alterations. Since the membrane's vulnerability is the disease's possible cause, finding such conditions that alter the structure is of great importance and thus are investigated here.

To study myelin vulnerability, we measure its structure in the context of membrane self-assembly, which has been widely studied experimentally and theoretically for the past half a century ([@r22]). From a physical perspective, the competing forces between the lipids determine the nanoscopic structure and the macroscopic mesophase. The lamellar to inverted hexagonal phase transition can be induced by various means, among them temperature, buffer salinity, and pH ([@r22][@r23][@r24][@r25]--[@r26]), as detailed in [*SI Appendix*, section 1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental).

Since the environmental conditions regulate the intermolecular forces between the lipids, the nanoscopic detailed structure, such as membrane unit cell length, can also vary. Therefore, by measuring the structures at various conditions, it is possible to identify the dominant intermolecular forces stabilizing the membranes. For example, the Derjaguin--Landau--Verwey--Overbeek (DLVO) theory correlates the membrane separation distance to the van der Waals and electrostatic interactions between the membrane leaflets ([@r27][@r28][@r29][@r30][@r31][@r32][@r33]--[@r34]). The DLVO theory has been validated for simple homogeneous membranes and for monovalent salt buffer ([@r27]), and results in the free energy per unit area of the following:$$f_{tot} = \frac{2\lambda_{D}k_{B}T}{\pi lb^{2}}e^{- d_{W}/\lambda_{D}} - \frac{A}{12\pi}\frac{1}{d_{W}^{2}}.$$Here, $\lambda_{D}$ is the Debye screening length, inversely proportional to the square root of the salt concentration; $l$ is the Bjerrum length, describing the distance at which two elementary charges with an energy of $k_{B}T$ interact; $d_{W}$ is the distance between two leaflets; $b$ is the Gouy--Chapman length, inversely proportional to the membrane surface charge density $\left( \sigma \right)$; and $A$ is the Hamaker constant ([@r27], [@r28], [@r30]). The equilibrium membrane spacing $\left( d_{L} \right)$, accessible by small-angle X-ray scattering (SAXS), is related to the bilayer thickness $\left( d_{b} \right)$ and the water layer gap $\left( d_{W} \right)$ by the following: $d_{L} = d_{W} + d_{b}$. By minimizing the free energy with respect to the separation, ${{\partial f\left( d_{L} \right)}/{\partial d_{L}}}\, = 0$, a direct relation between the interlamellar spacing and salt concentration is found. Unfortunately, the ordinary DLVO theory cannot explain results for high divalent salt concentrations (e.g., calcium and magnesium) even with additional components, such as hydration forces ([@r27]). The electrostatic interaction term should take into account either constant charge, constant potential, or charge regulation boundary conditions. Because in our case $d_{W} \gg \lambda_{D}$, there is no actual difference between those cases and [Eq. **1**](#eq1){ref-type="disp-formula"} holds ([@r34]).

In this study, we show the structural implication of environmental alteration on the cytoplasmic myelin membrane structure. Specifically, we demonstrate that changes in buffer salinity (ion type and concentration, *C*) or in temperature cause the membrane to make a transition between a healthy stack of lamellas to inverted hexagonal phase. The phase transition points (e.g., *T\**, *C\**) are ion specific and strongly depend on the membrane composition, which should be of great relevance to myelin stability and vulnerability, and in particular in the diseased state.

Results and Discussion {#s1}
======================

In this study, we conducted experiments on a model membrane system containing the lipid composition of the cytoplasmic myelin membrane in native and modified states ([@r16], [@r17]) ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)) at altered environmental conditions. The self-assembly structures were studied by SAXS and cryogenic transmission electron microscopy (cryo-TEM). At physiological conditions (10 mM Mops, 150 mM NaCl, and 2 mM CaCl~2~, pH of 7.4), previous studies showed that in the absence of myelin basic protein (MBP) the native lipid composition exhibits a multilamellar phase (L~α~), with an interlamellar spacing of $d_{L}$ = 113 Å, while the modified composition showed a coexisting of an L~α~ ($d_{L}$ = 123 Å) and an inverted hexagonal phase (H~II~) phase with unit cell length of $a_{H}$ = 90 Å. The unit cell dimensions are directly measured from the SAXS correlation peaks positions. Multilamellar and hexagonal mesophases reflections result in $q_{L}\left( 00n \right) = {{2\pi n}/d_{L}}$ and $q_{H}\left( hk \right) = {{4\pi}\sqrt{k^{2} + h^{2} + hk}/\sqrt{{3a_{H}}^{2}}}$, respectively. Here, $q$ is the scattering wave-vector, and $n,\, h$, and $k$ are Miller indices; $d_{L}$ and $a_{H}$ represent the real-space unit cell spacing in each phase.

First, we examined the structure of the cytoplasmic myelin membrane, while changing the monovalent ion entity and keeping the overall ionic strength as in the physiological case, for comparison. It is important to study the effect of replacing sodium with potassium ions because both are needed for the generation of nerve impulses and for maintenance of the electrolyte and fluid balance.

Interestingly, we find distinguishable differences between the self-assembly structures of native and modified lipid compositions in the presence of either 150 mM NaCl or KCl ([*SI Appendix*, Fig. S1 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). Here, neither cation alters the dominant nanoscale structures of each lipid compositions (i.e., L~α~ or L~α~ and H~II~); nevertheless, the unit cell lengths depend on the cation type. For the modified lipid composition ([*SI Appendix*, Fig. S1*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), the hexagonal unit cell lengths are rather similar with $a_{H}$(K^+^) = 95 Å \> $a_{H}$(Na^+^) = 90 Å. Coexisting with the inverted hexagonal phase, we find a lamellar phase with unit cell spacing of $d_{L}$(Na^+^) = 123 Å \> $d_{L}$(K^+^) = 115 Å. For the native lipid composition ([*SI Appendix*, Fig. S1*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), a dominant lamellar phase is clearly present for both cations, with similar unit cell dimensions \[$d_{L}$(K^+^) = 114 Å ∼ $d_{L}$(Na^+^) = 113 Å\]. For the KCl case, we find two additional correlation peaks with unit cell lengths of $2\pi/q$ = 67 and 64 Å. These correlation lengths correspond to that found for cholesterol aggregates ([@r35]) and to "denser lamellar phase" that will be discussed later.

To examine further the ion-type specificity, we measured the effect of different divalent ions on the self-assembled mesophases. Here, the effect is much more dominant than those of the monovalent ions. Calcium ions play an important role in signal transduction pathways. Calcium acts as a secondary messenger in neurotransmitter release from neurons, and is important for maintaining the potential difference across excitable cell membranes ([@r3], [@r36]). Zinc is known to control the MBP, the key protein in the myelin sheath, which acts as an intermolecular adhesion protein, binding the two cytoplasmic membranes of the myelin ([@r37]). Zinc and calcium are chemically similar, having the same oxidation state, but they have different biological roles and functions.

Calcium and magnesium give the same structure for native and modified lipid compositions ([*SI Appendix*, Fig. S1 *C* and *D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). The unit cell length depends on the cation type: for the native lipid composition ([*SI Appendix*, Fig. S1*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), $d_{L}$(Mg^2+^) = 122 Å \> $d_{L}$(Ca^2+^) = 113 Å; for modified lipid composition ([*SI Appendix*, Fig. S1*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), $d_{L}$(Mg^2+^) = 127 Å ≥ $d_{L}$(Ca^2+^) = 123 Å; and for the coexisting inverted hexagonal phase unit cell length, $a_{H}$(Mg^2+^) = 113 Å \> $a_{H}$(Ca^2+^) = 90 Å.

With zinc, there are structural changes for both lipid compositions ([*SI Appendix*, Fig. S1 *C* and *D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). First, the native composition ([*SI Appendix*, Fig. S1*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)) exhibits coexistence of lamellar and inverted hexagonal phase. Second, for both lipid compositions, we find a new phase that we denote the "dense lamellar phase," with unit cell lengths of $d_{d} = 2\pi/q$ = 84 Å, 66 Å (for modified and native compositions, respectively). Note that, at physiological ZnCl~2~ concentration, the native composition shows the same characteristics as the diseased state, with coexistence of lamellar and hexagonal phases.

Comparing the three divalent cations, we find that in the modified lipid composition the inverted hexagonal unit cell lengths are ion specific: $a_{H}$(Mg^2+^) \> $a_{H}$(Ca^2+^) \> $a_{H}$(Zn^2+^). Similarly, the lamellar phase unit cell length for both lipid compositions follows: $d_{L}$(Mg^2+^) ≥ $d_{L}$(Ca^2+^) \> $d_{L}$(Zn^2+^) for modified and native lipid compositions.

The concentration of the ions mentioned above can vary globally and locally. Cation concentration may change during diseased state ([@r38][@r39][@r40][@r41]--[@r42]) and locally can be either very low or high. More importantly, varying the cation concentration can highlight differences between the cation's role in modifying the membrane structure. These local changes in concentration may result in dramatic structural variations that can affect the integrity and the stability of the structure. Hence, we examined separately the effect on the mesophase structure of changing the concentration of all of the monovalent and divalent ions mentioned.

Using SAXS, we studied the changes in monovalent ions concentration between 0 and 500 mM ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), and found that for both lipid compositions, and both monovalent ions, the lamellar phase unit cell spacing decreases ([Fig. 1](#fig01){ref-type="fig"}, red squares). For the modified lipid composition, the hexagonal phase increases until it reaches a saturation at 200 mM NaCl and 150 mM KCl to $a_{H}$ = 101 and 95 Å, respectively ([Fig. 1 *A* and *C*](#fig01){ref-type="fig"}). At low monovalent salt concentration, the lamellar phase is not ordered, as can be seen from the SAXS data ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), where the lamellar correlation peaks are broad ([Fig. 1 *A* and *B*](#fig01){ref-type="fig"}, red unfilled squares). In addition to the coexisting lamellar and inverted hexagonal phases, and above a transition concentration (*C\**), we find correlation peaks that we attribute to cholesterol aggregations ([*SI Appendix*, Fig. S2 *C* and *D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)) ([@r16], [@r35]). Notably, the cholesterol correlation peak, with unit cell length of about 65 Å, appears in almost all KCl concentrations, suggesting that KCl enhances the nucleation of cholesterol crystalline domains within the membrane. The mechanism supporting these results requires further investigation. Surprisingly, above 250 mM KCl concentration, the native lipid composition exhibits coexistence of lamellar and hexagonal phases ([Fig. 1*D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), as in the modified lipid composition and physiological buffer conditions.

![Unit cell lengths ($d_{L}$ and $a_{H}$) for increasing monovalent salt concentrations. (*A--D*) Modified (*A* and *C*) and native (*B* and *D*) lipid compositions unit cell length at increasing NaCl (*A* and *B*) and KCl (*C* and *D*) concentrations from 0 to 500 mM. The solid line is a DLVO fitting using [Eq. **1**](#eq1){ref-type="disp-formula"}. In *B*, the only free parameter is the Hamaker constant, while in *A*, *C*, and *D* the free parameter is the surface charge, $\sigma$, using the same Hamaker constant from 1B fit. The unfilled symbols represent an unordered phase. The dotted lines indicate the monovalent ions' transition concentration, *C\**. Samples with low (2 wt%) and high (15 wt%) MBP content are marked with half-filled symbols. The additional lamellar phase in the presence of 15 wt% MBP is denoted as *d*~MBP~ (orange squares).](pnas.1804275115fig01){#fig01}

When changing the monovalent ion type or its concentration, structural changes are seen above a specific concentration, for both native and modified lipid compositions. For both ions at the native lipid composition, below the transition concentration (*C\**) we find SAXS signal with broad correlation peaks, indicating unordered lamellar phase (unfilled squares in [Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). Above *C\**, the SAXS correlation peaks become prominent as the lamellar phase becomes more ordered (solid squares in [Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). The lamellar phase unit cell length decreases with increasing concentration of both monovalent ions, and both lipid compositions. We fit the experimental data to the DLVO theory ([Eq. **1**](#eq1){ref-type="disp-formula"}), for the lamellar phase in NaCl, above *C\**. The mean area per lipid molecule is taken as ∼0.4 nm^2^, and the surface charge density of *e*^*−*^/(5.7 nm^2^) following Min et al. ([@r17]). Being the only unknown parameter, we can now extract the Hamaker constant, which we find to be $A$ = 22 zJ. This value agrees well with theoretical and experimental measurements in lipid membranes ([@r31], [@r43]).

Using the same Hamaker constant, we can now find the surface charge density of the lamellar phase at the other compositions. These values might change because specific lipid types might migrate to the different coexisting phases. Therefore, by finding the membrane surface charge, $\sigma$, we can compare the amount of the negatively charged lipid, phosphatidylserine (PS), in the lamellar mesophase. For the modified lipid composition with sodium salt, the surface charge density is *e*^*−*^/(5.9 nm^2^), a slight decrease from the native monophase. This means that the percentage of the negatively charged lipid is $f$ ∼ 6.8%. In the case of potassium salt, the native and modified lipid compositions surface charge densities are found to be *e*^*−*^/(7.0 nm^2^) and *e*^*−*^/(8.9 nm^2^), respectively. Here, we assume that the average area per lipid molecule does not change significantly when changing the ion type. This indicates that the percentage of the negatively charged lipids is $f$ ∼ 5.7% and 4.5%, respectively. We notice that these negatively charge lipid percent values are lower in the potassium buffer than in the sodium one, which indicates that PS distribution is ion-type sensitive. Moreover, the small difference between the charged lipids in the original native and modified lipid compositions (0.4 mol%, [*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)) cannot explain the rather significant differences between the effective charge densities found here. These results indicate that nonhomogenous distribution of the lipids is present in the coexisting mesophase cases.

While the lamellar phase unit cell length ($d_{L}$) condenses with increasing monovalent salt concentration, the hexagonal phase unit cell length ($a_{H}$) shows an opposite trend. In particular, we find that, for the modified lipid composition, $a_{H}$ increases slightly with increasing monovalent salt concentration. This phenomenon occurs for both salts and persists until *C\**, at which point $a_{H}$ becomes salt independent, and the lamellar phase is well ordered ([Fig. 1 *A* and *C*](#fig01){ref-type="fig"}). For the native lipid composition, in the presence of potassium ions ([Fig. 1*D*](#fig01){ref-type="fig"}), the hexagonal phase appears above *C\**, and $a_{H}$ remains constant with increasing salt concentration.

The expansion followed by a saturation of $a_{H}$ with increasing salt concentration cannot be explained by the DLVO theory. One possible explanation for the expansion can be that ions adsorb onto the hexagonal phase lipids, rather than screen the electrostatic repulsion. These results of charge inversion were previously discussed for charged membranes ([@r44][@r45]--[@r46]). Alternatively, the expansion could be a result of redistribution of the charged lipids between the two phases, and $a_{H}$ remains constant when the lamellar phase is well ordered.

Next, we evaluated the effect of the divalent ions on the structure of the cytoplasmic myelin membrane, while keeping NaCl salt concentration constant at 150 mM ([Fig. 2](#fig02){ref-type="fig"}). Here, as in the monovalent salt case, the lamellar unit cell spacing decreases with increasing divalent salt concentration. In contrast to the previous case, the coexisting hexagonal phase also compacts with elevated salt concentrations. In addition, at higher divalent salt concentrations, another lamellar phase is clearly noticeable with sharp SAXS correlation peaks ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). This denser lamellar phase ($d_{d}$ ∼ 64 Å) ([Fig. 3](#fig03){ref-type="fig"}) is coexisting with the lamellar phase and is also noticeable in the cryo-TEM images ([Fig. 3 *B* and *E*](#fig03){ref-type="fig"}). Above the transition concentration, *C\**, the hexagonal phase, the lamellar phase (if present), and the dense lamellar phase unit cell lengths remain constant. This phenomenon can also be explained by redistribution of the lipids between the different phases below *C\**. Driving forces for the dense phase can be membrane undulation and ion--ion correlations effects that are known to drive attraction between like-charge membranes ([@r28], [@r47], [@r48]).

![Unit cell lengths at increasing divalent salt concentrations. (*A--F*) Modified (*A*, *C*, and *E*) and native (*B*, *D*, and *F*) lipid compositions' unit cell length at increasing CaCl~2~ (*A* and *B*), ZnCl~2~ (*C* and *D*), and MgCl~2~ (*E* and *F*) concentrations from 0 to 15 mM. The transition concentrations (*C\**) are marked with the vertical black dotted lines. The black squares represent the dominant lamellar phase ($d_{L}$), the purple hexagonal symbols represent the inverse hexagonal phase ($a_{H}$), and the red squares represent the dense lamellar phase ($d_{d}$) for all ion types. The additional lamellar phase in the presence of 2 and 15 wt% MBP are denoted as *d*~MBP~ (half-filled orange squares).](pnas.1804275115fig02){#fig02}

![Native and modified lipid compositions in 2 mM MgCl~2~, 15 mM MgCl~2~, and 15 mM MgCl~2~ with 20 wt% MBP. Cryo-TEM images of modified lipid composition (*A*--*C*) and native lipid composition (*D*--*F*) in the presence of 2 mM MgCl~2~ (*A* and *D*) or 15 mM MgCl~2~ with/without 20 wt% MBP (*C* and *F*, and *B* and *E*), respectively. The images show multilamellar vesicles (*B*--*F*) and inverted hexagonal phase (*A*). The dense lamellar phase is indicated by the white arrows. (Scale bars: 100 nm.)](pnas.1804275115fig03){#fig03}

For modified lipid composition, the coexistence of lamellar and inverted hexagonal phases differs in the unit cell lengths sizes at saturation $a_{H}$(Mg^2+^) $\gtrsim$ $a_{H}$(Ca^2+^) \> $a_{H}$(Zn^2+^). Like the modified lipid composition, the native lipid composition exhibits coexisting lamellar and inverted hexagonal phases above the transition concentration, *C\**. Again, the hexagonal unit cell lengths differ in size $a_{H}$(Mg^2+^) \> $a_{H}$(Ca^2+^) \> $a_{H}$(Zn^2+^). The transition concentrations follow the trend of the following: $C_{\text{Zn}^{2 +}}^{\ast} = 5\,\text{mM}$ \< $C_{\text{Ca}^{2 +}}^{\ast} = 7\,\text{mM}$ \< $C_{\text{Mg}^{2 +}}^{\ast} = 9\,\text{mM}$. The dense lamellar phase has the same unit cell length for all ion types and lipid composition around $d_{d}$ ∼ 64 Å. In contrast to the other cations, zinc exhibit a dense lamellar phase at lower concentration before saturating at *C\** ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}).

For both lipid compositions, we find that the structural reorganization with divalent ions is different in calcium to that found in zinc or magnesium. In particular, at low calcium concentrations (below 5 mM), the lamellar phase is not well organized as with the other cations ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). Interestingly, the concentration for the transition to the condensed lamellar phase does not follow the trend of cation size. One reason could be that the calcium ions adsorb onto the lipid membrane differently ([@r49][@r50][@r51]--[@r52]) than magnesium and zinc, although all bear the same charge.

Apart from lipids, native myelin sheaths are rich in proteins, in particular MBP ([*SI Appendix*, section 2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). MBP presence was previously found to be critical for proper function and structure of myelin ([@r16], [@r37], [@r53], [@r54]), since high content completely abolishes the inverted hexagonal phase ([@r16]). Regardless of the ion type and lipid compositions, we find that MBP addition competes with the presence of inverted hexagonal phase ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)), although does not significantly change the unit cell spacings ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}). One exception is the modified lipid composition with high MgCl~2~ concentration where even 15 wt% of MBP does not eliminate the inverted hexagonal phase. In other cases, lower MBP content results in reduction of the hexagonal phase presence, as indicated by lower correlation peaks intensities. Moreover, in high salt and MBP concentrations, we find an additional coexisting lamellar phase with spacing of about $d_{MBP}$ = 90 Å ([Figs. 1](#fig01){ref-type="fig"}--[3](#fig03){ref-type="fig"} and [*SI Appendix*, section 2 and Figs. S4 and S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). At low salt concentration, this lamellar phase can be identified at lower MBP content (2 wt%). Such spacing sustains a water layer thickness matching the dimensions previously estimated for MBP ([@r16], [@r55]).

Another important parameter governing intermolecular forces and interactions between macromolecules is temperature. For example, at elevated temperature, the lamellar to hexagonal phase transition has been demonstrated for single and binary lipids mixtures ([@r24], [@r56][@r57]--[@r58]). The origin of this thermotropic phase transition is the added mobility of the hydrocarbon chains at elevated temperatures, leading to larger spontaneous curvature ([@r23], [@r59]). The contribution of hydrocarbon chains' entropy to the free energy increases with temperature. As more hydrocarbon chains' conformation is available, the membrane thickness decreases to reduce the interfacial area between the aqueous solution and the lipid hydrocarbon chains ([@r59]). Moreover, temperature has an additional effect on the intermolecular forces between the water molecules. That, in turn, changes the effective hydrophobic interaction and the water layer ordering nearby the lipid bilayer ([@r60]). Interestingly, previous studies demonstrated that MS episodes are correlated with patients' high fever, although the origin of that effect is still obscure ([@r61], [@r62]).

In [Fig. 4](#fig04){ref-type="fig"}, we show the implication of elevated temperature for both lipid compositions. Indeed, structural changes are manifested for both lipid compositions. The coexistence of lamellar and inverted hexagonal phases, in the modified lipid composition, changes into a singular inverted hexagonal phase around *T\** = 42 °C ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). Around the same temperature, the one lamellar phase, in the native lipid composition, changes to coexistence of lamellar and inverted hexagonal phases ([Fig. 4](#fig04){ref-type="fig"}, vertical black dotted line). This coexisting region terminates at *T* = 60 °C, where the system fully transitions into a single inverted hexagonal phase ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)).

![Native and modified unit cell lengths ($d_{L}$ and $a_{H}$) changes with temperature. Unit cell length of H~II~ (hexagonal symbols) and L~α~ (squares) of native (red) and modified (black) lipid compositions at increasing temperature from 25 to 80 °C. The transition temperature is denoted by the vertical black dotted line (*T\**).](pnas.1804275115fig04){#fig04}

For both lipid compositions, the inverted hexagonal phase unit cell lengths, $a_{H}$, decrease with increasing temperature ([Fig. 4](#fig04){ref-type="fig"}, hexagonal symbols). Such behavior was previously demonstrated for several simplified lipid systems; it presumably originates from changing the lipids packing parameter (i.e., the ratio between the headgroup size and the hydrocarbon chains projected area) at elevated temperatures ([@r23], [@r24]). In addition, the hydrocarbon chain conformation is considerably more disordered in the H~II~ phase, compared with the L~α~ phase, which reduces the unit cell length even further ([@r24]). Nevertheless, while the lamellar phase unit cell length, $d_{L}$ ([Fig. 4](#fig04){ref-type="fig"}, square symbols) decreases with increasing temperature for the native lipid composition, we find it to increase for the modified lipid composition before disappearing at *T\** ([Fig. 4](#fig04){ref-type="fig"}, vertical black dotted line). The difference in the temperature trend of $d_{L}$ suggests that specific molecular forces, attributed to different lipid compositions rearrangement, are important during this phase transition.

As previously mentioned, in the presence of MBP, the modified lipid composition resembles that of native composition without MBP with a singular lamellar phase ([@r16]). We find that the temperature dependence of modified lipid composition with high content of MBP shows similar trend to native lipid composition, with elevated *T\** of about 60 °C ([*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)).

As described in [*SI Appendix*, section 1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental), phosphatidylethanolamine (PE) prefers to form inverted hexagonal phase ([@r23], [@r31], [@r63]). Cholesterol molecules can also segregate from the lamellar into the hexagonal phase. That will decrease the spacing between adjacent tubes in the hexagonal phase ($a_{H}$), as the cholesterol settles between the lipids hydrocarbon chains ([@r64]). Following, the hydrocarbon chain packing stress will be relieved by filling the gaps between the cylinders. As a result, stronger van der Walls interactions between the hydrocarbon chains will reduce the unit cell length in the hexagonal arrangement ([Fig. 4](#fig04){ref-type="fig"}, hexagonal symbols). Cholesterol segregation can also explain the $d_{L}$ increase for the modified lipid composition ([Fig. 4](#fig04){ref-type="fig"}, black squares). The native lipid composition $d_{L}\left( T \right)$ shows an opposite trend ([Fig. 4](#fig04){ref-type="fig"}, red square symbols). Previous studies had shown such behavior, explained by a decrease in the membrane thickness ($d_{b}$) with increasing temperature ([@r59]). The different trends can be explained by the formation of a mixed phase at modified lipid composition, and a single lamellar phase at the native lipid composition.

Summary {#s2}
=======

Myelin membrane is a complex biological system having a mixture of different lipids. The cytoplasmic leaflets of myelin contain five dominant components that alter in demyelination diseases. We are able to gain physical understanding of its self-assembled structure with minimal simplifications due to its repeating structure and relatively small number of components.

In our experiments, we find several factors that tend to destabilize the lamellar phase and induce the formation of inverted hexagonal phase. First, changes in the lipid composition and low MBP concentration, as observed by MS pathology, result in L~α~ to H~II~ phase transition. Inverted hexagonal phase is induced by concentration increase in PS, PE, and mainly cholesterol, and decrease in sphingomyelin (SM) and phosphatidylcholine (PC) lipids. Similarly, ion type and salt concentration are also key factors affecting the lipid organization. We find that increasing the salt concentration, above a transition concentration *C\**, destabilizes the lamellar phase and transforms the membrane into the inverted hexagonal phase. For monovalent salts (NaCl and KCl), the transition concentration is above 150 mM, while for divalent salts (MgCl~2~, ZnCl~2~, and CaCl~2~) it is 5--9 mM. This makes the structural phase transition relevant to the biological context, because such concentrations, and in particular local fluctuations to such values, are common in vivo.

Moreover, at high divalent salt concentrations, a dense lamellar phase coexists with the inverted hexagonal phase. Verified by cryo-TEM and SAXS, once formed, the dense lamellar phase has an interlamellar spacing of 64 Å, which leaves about 15-Å thicknesses of water between the bilayers. Importantly, the water layer in the dense lamellar phase is much smaller than the needed space (35 Å) for the adhesive MBP normally placed between the cytoplasmic lipid bilayers. Following, at high MBP concentration, an additional lamellar phase is present with sufficient intermembranal space (∼40 Å). In the absence of MBP and at low salt concentration, the lamellar phase spacing decreases with increasing salt concertation, as expected for electrostatic screening. However, once induced, the dense lamellar phase spacing remains constant with further increase in the salt concentration or MBP content.

The transition to the inverted hexagonal phase can be induced by elevated temperatures. Again, the transition temperature is physiologically relevant (42 °C), especially for healthy lipid composition, where the inverted hexagonal phase is normally absent. Moreover, the presence of MBP is shown to protect the membrane from transitioning to the inverted hexagonal phase at physiologically relevant temperatures.

Our results emphasize that minor alterations of the environmental conditions can drive structural instabilities and the formation of the H~II~ phase from the L~α~ native functional phase. Generally, lower salinity and low temperature are favorable for healthy lamellar phase up to about physiological condition. However, since structural phase transition depends also on the myelin lipid composition, local inhomogeneity in the membrane can have devastating outcomes. We showed that healthy lipid composition is on the verge of a structural phase transition. Due to this proximity to the phase boundary, small local changes can locally change the membrane to another phase. This eventually may lead to vulnerability of the membrane and neuronal dysfunction.

These results are directly connected to MS etiology and diagnostics. Changes in the local environment of the axon, whether by ion type or ion concentration, result in the pathological phase transition that characterizes the diseased state. Further instabilities can be induced at elevated temperature. By evaluating and controlling the environmental conditions, one can stabilize the lamellar phase and avoid the inverted hexagonal phase formation.

Material and Methods {#s3}
====================

Brain lipids compositions were prepared at desired mole ratios ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental)). SAXS experiments were carried out in home-built apparatus and synchrotrons at room temperature and at elevated temperatures. Cryo-TEM samples were prepared using a controlled environment vitrification system at 25 °C and 100% relative humidity. As detailed in [*SI Appendix*, section 4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804275115/-/DCSupplemental).
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